Abstract: While older age associates with adverse percutaneous coronary intervention (PCI) outcomes, detailed information relating age to stent strut coverage and neointimal characteristics is lacking.
INTRODUCTION
A high prevalence of coronary artery disease (CAD) is observed worldwide. 1 As a result of this, revascularization procedures in CAD patients continue to be performed more frequently. Furthermore, with the population aging and approximately 25% of people over 75 years of age exhibiting cardiovascular disease, 2 older people have become the principal recipients of percutaneous coronary intervention (PCI). A number of studies, however, suggest that elderly patients undergoing PCI tend to present with a higher incidence of comorbidities and exhibit a higher rate of adverse cardiac outcomes. [3] [4] [5] Thus, previous studies have shown that age was an independent predictor of mortality. [6] [7] [8] Specifically, older patients with CAD differ from their younger counterparts in that they often present with more extensive atherosclerotic involvement, a higher frequency of multivessel disease, greater calcification of coronary vessels, and the presence of concomitant carotid and peripheral vascular disease. Moreover, age-related extra-cardiac conditions, including compromised renal and pulmonary function, likely contribute to a different response to PCI and poorer outcomes.
Stent implantation in patients older than 75 years results in an in-hospital mortality rate between 2.2% and 4.7%. 9 As elderly patients with acute myocardial infarction (AMI) are less often treated with reperfusion therapy than younger patients and are often excluded from randomized clinical trials, questions remain as to the best approach for treating this subset of population. Despite widespread use of sirolimus-eluting stents (SESs) as a strategy for reducing the risk of subsequent restenosis, little is known about the impact of age, per se, on vessel response to SES implantation. In particular, the differences between elderly patients and younger patients in intimal healing remain unclear.
As PCI technology evolves and the Chinese population becomes proportionally older, assessing neointimal responses in the elderly is essential. However, to date, few studies have focused on strut coverage and neointimal responses after PCI in different age groups. The aim of the present study was, therefore, to observe the effects of age on neointimal coverage using optical coherence tomography (OCT).
METHODS

Patient Population
The study centered on a retrospective analysis of 119 patients who underwent elective or urgent coronary stent implantation and subsequent OCT imaging between November 2009 and November 2011. To study the impact of age on strut coverage and neointimal remodeling, patients were divided into 3 groups according to age: Group A ( 55 years, n ¼ 46), Group B (56-65 years of age, n ¼ 39), and Group C (66-74 years, n ¼ 34). 10 In order to exclude the influence of baseline clinical characteristics and treatments, we also divided the affected patients into subgroups to separately analyze whether these factors impacted neointimal coverage across the 3 groups. Patients were excluded if they had significant left main CAD, renal insufficiency or congestive heart failure. In addition, if there were difficulties in advancing the OCT catheter subjects were also excluded. The protocol employed was approved by the Harbin Medical University Ethics Committee. Before the catheterization procedure, all patients signed an informed consent.
11
Quantitative Coronary Vessel Analysis (QCA)
QCA results were reviewed separately using a quantitative coronary angiogram program by 2 independent observers blinded to the patients' information. The minimal luminal diameter (MLD) of the treated coronary artery ''in-stent'' segments, reference diameter, and percent diameter stenosis (DS%) were measured. Luminal loss was defined as the difference between the MLD immediate after the procedure and MLD at follow-up. The luminal loss rate was defined as neointimal hyperplasia area/ lumen area relative to the time after implantation.
OCT Image Acquisition
OCT images were acquired in either the FrequencyDomain (C7XR system) or Time-Domain (M2/M3 system). During image acquisition, automated pullback was used with a short injection of contrast media through the guiding catheter in the C7XR system. In the M2/M3 system, during image acquisition, the proximal segment of the vessel was blocked by an occlusion balloon and the automatic pull back accompanied by continuous saline infusion. 12 
OCT Image Analysis
OCT image analysis was performed as previously reported. 13 In brief, cross-sectional OCT images were analyzed at 1 mm intervals. Stent and luminal area were measured at 1 mm intervals, and neointimal area was calculated as stent area minus luminal area. Maximum, minimum, and mean neointimal thickness (NIT), stent area, and lumen area were automatically calculated for each cross-sectional OCT image. Strut coverage, malapposition, protruding, embedded struts, and neointimal hyperplasia (NIH) were defined according to previously published criteria (Fig. 1) . [14] [15] [16] Stent struts in lesions with major side branches (diameter !2 mm) were excluded from OCT analysis. When a lesion needs to implant 2 stents, overlapping segments of the stent was not included in measurements or comparisons. OCT images were analyzed by 2 experienced investigators. If discordance occurred between the 2 investigators, a third investigator was used to give a consensus reading.
Patient Clinical Data and Follow-Up
Follow-up information was available for all 119 patients at 6 and 12 months after stent implantation. Patient data including sex, weight, height, smoking, and history of past diseases such as hypertension, diabetes, and myocardial infarction were collected. Similarly, laboratory data for blood lipid levels and blood glucose levels were collected, and data regarding to treatment/drug interventions including PCI, statins, b-receptor blockers, angiotensin-converting enzyme inhibitors (ACEIs), and angiotensin receptor blockers (ARBs). Follow-up was performed at 6 and 12 months using patient readmission records.
Statistical Analysis
Baseline patient clinical characteristics and angiographic data were compared across these three groups. Comparisons of categorical data were analyzed using x 2 statistics or Fisher exact test. Continuous variables were compared using Student t test or Mann-Whitney U test. The post hoc Tukey test was applied only when the P-value for ANOVA was less than 0.05. Variables were reported as mean AE standard deviation (SD) for continuous variables or as percentages for dichotomous variables. A P-value < 0.05 was considered as statistical significance.
RESULTS
Patient Clinical Data
The baseline clinical characteristics of the patients are shown in Table 1 . The youngest patient group was characterized by a greater percentage of male patients (80.4% vs. 48.7% vs. 52.9%, P < 0.005), whereas the patients in the other older groups were more likely to have hypertension (52.2% vs. 79.5% vs. 61.8%, P < 0.05). Other characteristics including treatment and laboratory data showed no differences across the 3 groups.
Angiographic Findings
A total of 123 stents in the 119 patients were studied. Each patient had only 1 lesion, whereas 4 patients received 2 stents overlapped in 1 lesion. Fifty-eight stents were placed in the left anterior descending coronary artery (LAD), 31 in the circumflex (LCX), and 34 in the right coronary artery (RCA). With respect to age the number of subjects and stents was as follows: youngest group ( 55 years, 46 patients/46 stents), older group (56-65 years of age, 39 patients/40 stents), and eldest (66-74 years, 34 patients/37 stents). Four lesions had overlapping segments (2 stents), where older group have 1 overlapping segment, 3 overlapping segments in eldest group (Table 1) .
OCT Findings
Vascular and Stent Parameters and Lesion Type
Vascular and stent parameters and lesion type are listed in Table 2 . No significant differences in distribution of plaques in the treated lesions were observed.
Strut Coverage
At 6 months of follow-up, Group A exhibited the thickest neointima (90 mm vs. 60 mm vs. 60 mm, P < 0.001) compared the other age groups ( Fig. 2A ). An age-related increase in the proportion of uncovered struts was observed (6.1% vs. 7.3% vs. 11.7%, P < 0.001) (Fig. 2C) . Correspondingly, the proportion of embedded struts decreased (72.1% vs. 57.0% vs. 55.0%, P < 0.001) as age increased. The proportion of protruding struts also was observed to increase with age (26.7% vs. 41.9% vs. 42.6%, P < 0.001) (Fig. 2E) .
At 12 months of follow-up, Group A have the thickest neointima (100 mm vs. 70 mm vs. 80 mm, P < 0.001) (Fig. 2B) . Group C continued to show the highest proportion of uncovered struts (3.9% vs. 3.3% vs. 4.9%, P < 0.001) (Fig. 2D) . Conversely, Group A had the highest proportion of embedded struts (76.3% vs. 64.1% vs. 71.5%, P < 0.001) (Fig. 2F) .
The baseline clinical characteristics of the patients were similar between the groups with the exception of sex. In order to exclude the influence of the baseline differences, we selected the affected patients and analyzed them separately to evaluate neointimal coverage. However, no influences were detected across the 3 age groups. Table 3 shows the impact of age on neointimal characteristics according to gender. For both male and female patients, the youngest group also showed the highest proportion of embedded struts (76.6% vs. 65.5% vs. 72.0%, P < 0.001 in male patients and 74.4% vs. 62.5% vs. 70.7%, P < 0.001 in female patients). Group A had the greatest area of neointimal hyperplasia (0.81 mm 2 vs. 0.60 mm 2 vs. 0.72 mm 2 in male patients, P < 0.001 and 1.08 mm 2 vs. 0.61 mm 2 vs. 0.63 mm 2 in female patients, P < 0.001) and greatest mean neointimal thickness (90 mm vs. 70 mm vs. 80 mm in male patients, P < 0.001 and 120 vs. 70 vs. 70 mm in female patients, P < 0.001). Regardless of sex, the eldest group showed the highest proportion of uncovered struts between the 3 groups (4.3% vs. 3.8% vs. 5.4%, P < 0.001 in male patients and 1.3% vs. 2.6% vs. 4.2% in female patients, P < 0.001). Figure 3 shows the increases in neointimal thickness occurred during 6 to 12 months after stent implantation. The data are presented as the differences between the median values at the 6-and 12-month follow-ups. As age increased, the Group C had the highest D median of neointimal hyperplasia thickness. And as in the first 6 months the neointima showed low endothelial cell coverage and low neointimal proliferation rate, whereas from 6 to 12 months, there was a higher neointimal proliferation rate and evidence for neointimal hyperplasia perhaps progressing to neoatherosclerosis. Moreover, patients aged over 65 years exhibited uncovered struts in coexistence with neointimal hyperplasia (Fig. 4) .
DISCUSSION
Drug-eluting stents (DESs) have greatly reduced the problem of in-stent restenosis (ISR) by targeting proliferating cells. 17 However, the beneficial reductions in neointima formation and ISR are accompanied by impaired endothelial regeneration and vascular healing that has created a number of new concerns. [18] [19] [20] As a result of inhibition of endothelialization and delayed vascular healing to the endothelial damage, late stent thrombosis (LST, defined as 30 days up to 1 year) and very late stent thrombosis (VLST, >1 year) have emerged as major safety concerns. 21, 22 Although LST is a relatively infrequent complication, it is associated with a high incidence of AMI and mortality. Histopathological studies have suggested that the ratio of uncovered stent struts to the total number of stent struts is the best morphometric predictor of LST. 22 Such studies further show that a ratio of uncovered struts to total struts/section of >0.3.
17 is predictive of LST. Therefore, optimal neointimal coverage with complete endothelialization after DES implantation is required for favorable clinical outcomes.
Previous reports have shown that a higher prevalence of uncovered struts could be explained by many factors, including the underlying plaque morphology, thrombus burden, and related impairment of drug access. 23 In the present study, patients aged over 65 years had the highest uncovered rate, both at 6 and12 months of follow-up. Conversely, the patients 55 years old showed the highest proportion of embedded struts and had the greatest neointima area and neointima thickness. Examination of the clinical characteristics of our study groups showed no differences in coexisting diseases or drug treatments but some apparent differences in sex. Despite this, when we investigate the impact of age on neointimal characteristics according to gender, no statistical differences were noted. A tentative conclusion from these results is that age was the dominant factor for neointima formation in the present study. Previous OCT studies have reported that the incidence of uncovered struts was 8.9% to 13.3% at 6 months and 12.2% at 9 to 12 months after SES implantation. 24 In the present study, at 6 months, the uncovered rate was 16.7%, whereas at 12 months, the uncovered rate had decreased to 8.0%. As patient age increased, the proportion of uncovered struts and protruding struts increased, and the younger patients had the high proportion of embedded neointima. Further, the neointima was thicker in the younger patients than in the 2 older groups at both 6 and 12 months. These results are consistent with those of previous studies showing that aging is associated with a decreased viability of vascular cells. 25 These observations offer an explanation for the outcomes in late thrombosis which are seen in the clinic and may provide a theoretical foundation for antiplatelet therapy in patients receiving SES stents.
Previous studies have reported that increased numbers of adverse events in elderly patients may be related to an accumulation of inflammatory cells at the site of stent implantation. Monocytes, in particular, have been implicated in neointimal 26, 27 Such studies also indicate that neointimal hyperplasia will progress into the formation of neoatherosclerosis. Subsequently, this may rupture and present as an acute coronary syndrome or myocardial infarction a likely mechanism contributing to LST. 11, 28 Excellent vascular responses to SES implantation are seen as early as 4 months after the procedure, and the neointima of the SES thickens gradually over 4 years. [29] [30] [31] Studies have revealed that the time point for detecting neoatherosclerosis was approximately 14 months after implantation of a DES. 32, 33 In the present study, we found that elderly patients show uncovered struts coexisting with heterogeneous neointimal hyperplasia around the area of the struts. This finding is consistent with the elderly patients having a higher incidence of acute thrombosis and LST. This suggests that for elderly patients with implanted SESs, more attention should be given not only to neointimal delay but also neointimal hyperplasia and the formation of neoatherosclerosis after stent placement. Moreover, while differing types of plaque in the treated lesions could impact stent coverage no significant differences in plaque distribution (P ¼ 0.198) were observed in the present study, and we intend on further investigating this point in future studies.
The present study showed that in the youngest patient group, neointimal growth was greater in the first 6 months after stent implantation and slowed in the subsequent 6-to 12-month period. In contrast to this, the elderly group exhibited slow growth in the first 6 months and a relatively higher growth rate in months 6 to 12. Although the present study presents only observations, it is tempting to speculate that age impacts the mechanisms underlying endothelial cell proliferation, which consistent with previous study. 34 Also supporting this hypothesis are angiography-based reports of elderly patients having a higher rate and degree of endothelial cell hyperplasia after longterm follow-up. 26 Further, clinical studies have suggested that there is a ''late catch-up phenomenon'' in some patients after DES implantation. 35 Consistent with this, we also observed what could be termed a ''catch-up phenomenon'' in that the neointima in the early stages (0-6 months) of the oldest patient group showed a high rate of noncoverage and a low rate of neointimal proliferation, whereas in the 6-to 12-month period, this appeared to change to a higher rate of neointimal proliferation with a suggestion of neointimal hyperplasia perhaps progressing to neoatherosclerosis. 11, 36 Although further studies are needed to verify the above hypothesis, the present study suggests that in older patients undergoing stent implantation, more emphasis needs to be placed on early antithrombotic treatment. However, after intimal coverage has been achieved, attention should be shifted to excessive neointimal proliferation and prevention of the development of neoatherosclerosis.
LIMITATIONS
Despite a number of interesting observations, there are several limitations in our study. We report a single-center experience, possibly limiting the general applicability of our results. The number of patient was also relatively small, making it difficult to assess any contributions of comorbidities and ongoing treatments/interventions. Finally, it should be noted that strut coverage, as assessed by intravascular OCT, must be interpreted with caution as it does not provide resolution to the single-endothelial cell level nor does it provide functional information. Nevertheless, our data indicate a significant effect of age on stent maturation/remodeling, and this finding should stimulate further detailed studies. Neointimal growth rate at 6 and 12 months. At both 6 and 12 months, the mean neointimal thickness of the Group A was significantly greater than that observed for the other 2 age groups. From the figure, it can be appreciated that neointimal thickness increased substantially during the first 6 months, and this growth slowed during the 6-to 12-month period. In contrast, the Group C showed slow growth in the initial 0 to 6 months, but substantially faster growth from 6 to 12 months. 
